Protein phosphatase-6 (PP6) is a member of the PPP family of Ser/Thr phosphatases involved in intracellular signaling. PP6 is conserved among all eukaryotes, and genetics in model organisms indicates it has non-redundant functions relative to other PPP phosphatases. PP6 functions in association with conserved SAPS subunits and, in vertebrate species, forms heterotrimers with Ankrd subunits. Multiple studies have demonstrated how PP6 exerts negative control at different steps of nuclear factor kappaB signaling. Expression of PP6 catalytic subunit and the PPP6R1 subunit is especially high in hematopoietic cells and lymphoid tissues. Recent efforts at conditionally knocking out genes for PP6c or PP6R1 (SAPS1) have revealed distinctive effects on development of and signaling in lymphocytes.
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Protein phosphatase-6 conservation and multisubunit holoenzymes
Protein phosphatase-6 (PP6) is a member of the PPP family of protein Ser/Thr phosphatases, enzymes with a bimetallic (Fe::Zn) catalytic center that distinguish them in terms of structure and activity from other protein phosphatases [1, 2] . PP6 is most closely related in protein sequence (57% identical) to protein phosphatase-2A (PP2A) and to protein phosphatase-4 (PP4). Despite their sequence similarity separate homologues of these phosphatases (PP2A/PP4/PP6) are conserved in eukaryotes, including model organisms Saccharomyces cerevisiae (PPH21/PPH3/SIT4), Schizosaccharomyces pombe ( ppa2/pph3/ppe1), Caenorhabditis elegans (LET-92/PPH-4.1/PPH-6) and Drosophila (mts/Pp4-19C/PpV). Human PP6 can complement mutants of either sit4 or ppe1, showing functional homology [3] . Neither PP4 nor PP5 were able to complement the sit4-102 mutation, reinforcing the specificity for PP6 [3] . Preservation of these separate phosphatases during evolution implies that they serve non-redundant functions. Selective knockdown of these individual PPP phosphatases by RNAi in C. elegans produces distinctive phenotypes, supporting this concept [4] [5] [6] .
In addition to genetics, another approach to discovery of the functions of PPP phosphatases has been to treat intact cells or tissues with selective inhibitors that can enter the cell [7] . Okadaic acid (OA) is a polyketide natural product synthesized by dinoflagellates that accumulates in marine filter feeders such as sponges and shellfish [8] . OA has been isolated from these sources and used as a research tool for almost 30 years [9] [10] [11] . Potent in vitro inhibition of the PP2A/PP4/PP6 (type 2A) phosphatases by low nanomolar doses of OA distinguishes these phosphatases from other members of the PPP family [12, 13] . Permeation of OA into living cells requires higher doses and longer times, complicating interpretation of results [14] . Nonetheless, there are >5400 articles in the literature (PubMed) that report using OA and the biological effects are almost always attributed to inhibition of PP2A, probably because PP2A is the best known of these type 2A phosphatases and was the first of them to be purified and characterized. Use of reagents such as OA that equally inhibit PP2A/PP4/PP6 has confounded assignment of the biological actions of these individual type 2A phosphatases. There is not much appreciation of PP6 or PP4 as separate PPP phosphatases that are expressed in most cell lines and tissues. In fact, PP6 is the most abundant PPP in HeLa cells, as quantified by mass spectrometry [15] . Some of the reported effects of OA are due to inhibition of PP6, but it is difficult to tell from the experiments which phosphatase is involved.
Most of the PPP family catalytic subunits associate with regulatory subunits to assemble into holoenzymes [1, 2] . Thus, by combinatorial association less than a dozen catalytic subunits assemble into hundreds of phosphatase enzymes that are available to counterbalance the actions of ∼400 protein Ser/Thr kinases. The basis for substrate specificity is different for kinases and phosphatases, so there is not a clear correspondence for enzymes that catalyze the opposing reactions at any given phosphosite [16] . Each of the type 2A phosphatases has an exclusive set of regulatory subunits that have been conserved among eukaryotes. In the case of PP6, dedicated subunits were initially discovered in yeast and named SAPs (Sit4-Associated Proteins) [17] . Based on genetic evidence, it was proposed that each of these dimeric holoenzymes (Sit4::SAP) has separate functions [17] . Some years later, three SAP homologues were identified in the human genome [18] and later shown to functionally complement the SAP genes in yeast, demonstrating conservation of subunit-subunit recognition [19] . Curiously, S. pombe, C. elegans and Drosophila each only have a single SAP gene [i.e. Ekc1, ceSAP1 (G47G2.5) and dSAP, respectively]. The defining SAPS domain was mapped as the common region of the proteins, and shown to be sufficient for binding the PP6 catalytic subunit [23] . The SAPS domain was modeled as a helical repeat structure resembling p115 golgin, different from the HEAT repeat structure of the A scaffold subunit of PP2A [20] . Frogs, mice and humans have three SAPS, encoded by genes also known as PPP6R1, PPP6R2 and PPP6R3, which comprise a 2R-ohnolog family generated by the two rounds of whole-genome duplication at the origin of the vertebrates [21] . The SAPS are phosphoproteins [22] , but how phosphorylation alters their properties or the activity of PP6 is unknown. Another set of PP6 subunits, called Ankrd proteins, were first identified by proteomics using FLAG-SAPS1 [23] . The Ankrd are only expressed in vertebrate organisms, with no corresponding genes found in flies, worms or microorganisms [23] . These proteins (Ankrd 28, 44, 52) associate with SAPS subunits in the C-terminal region outside the SAPS domain and are composed entirely of helical repeat ankyrin domains that presumably mediate protein-protein interactions. Both BRCA1 and DOCK180 have been identified as Ankrd28-binding partners [24] [25] [26] . Using proteomics three other groups have independently confirmed the heterotrimeric organization of PP6 in human cells [27] [28] [29] . Defining the individual functions of the human PP6 holoenzymes remains one of the challenges for ongoing research. Our approach has been to knock down or delete individual SAPS regulatory subunits [18, 30] .
Distribution of PP6 and SAPS subunits in human tissues
The first survey of expression of PP6c, PPP6R1, PPP6R2 and PPP6R3 genes used northern blot hybridization and a commercial preparation of RNA from 12 human tissues (brain, colon, heart, kidney, liver, lung, muscle, placenta, small intestine, spleen, stomach and testis). The PP6c mRNA was present in all tissues, with highest levels detected in heart, with slightly lower levels in kidney, liver, stomach and brain [18] . All tissues expressed PPP6R1 mRNA at comparable levels (except higher in testis). PPP6R2 mRNA also was detected in all the tissues with the highest levels in testis followed by liver, heart, brain and kidney. Low levels of PP6R3 mRNA were detected in most tissues, except for high levels in heart. There was not an obvious correspondence in relative abundance in different tissues between catalytic subunit and any one of the SAPS [18] . More recent gene microarray results in the BioGPS online database [31, 32] reveal a striking distribution pattern, with especially abundant mRNA levels of PP6c, PPP6R1, -R2 and -R3 in immune cells and lymphoid tissues (Figure 1 ). Some of these cell types were absent from the earlier northern analysis. B lymphocytes, natural killer (NK) cells and dendritic cells have the highest expression of PP6c mRNA, while PP6R1 mRNA is highly abundant in NK cells, dendritic cell and cytotoxic T cells, PP6R2 in T helper cells, cytotoxic T cells and lungs, and PP6R3 in T helper cells, cytotoxic T cells and monocytes. Expression of PP6 and its SAPS subunit genes is by far highest in cells of the hematopoietic system.
Protein levels of PP6c and its SAPS regulatory subunits were first measured by western blotting using custom-made anti-peptide antibodies [18] . Highest levels of PP6c protein were found in lung, liver and spleen (a source of lymphocytes), while expression was relatively low in skeletal muscle. These results contrasted with the mRNA distribution of PP6c, suggesting that PP6 protein level is regulated post-transcriptionally, at the level of mRNA translation or protein stability. Lung, bladder, spleen and pancreas contained highest levels of PPP6R1 protein in comparison with other tissue types. Again, similar to PP6c there was discordance between the amounts of PPP6R1 protein and PPP6R1 mRNA levels in different tissue types. Highest levels of PPP6R2 protein were observed in bladder, with lower levels in heart and pancreas, and barely detectable levels in other tissue types. The highest levels of PPP6R3 protein were detected in lung, bladder, spleen and pancreas, in contrast with mRNA expression that was greatest in heart. PP6R1 and PP6R3 proteins had very similar tissue distribution.
Expression of PP6c, PPP6R1, -R2 and -R3 proteins was more recently examined by analyzing mass spectrometry data of the human proteome deposited in the Proteomics DB database [33] . Comparing results from Based on online database BioGPS [31, 32] . microarray and mass spectrometry proteomics demonstrates that the distribution of mRNA is not consistent with protein levels in various tissues. Amounts of PP6c mRNA are lowest in ovary and skin, while protein concentration of PP6c is second and third highest in these tissues (after immune cells and lymphoid organs). The amount of PPP6R1 mRNA is very low in ovary and pancreas, but protein concentration is high in these tissues. PPP6R3 mRNA expression is highest in T helper cells and lowest in brain, while the protein concentration in these two tissues is similar. These observations support the idea that post-transcriptional mechanisms dynamically control expression of PP6 and its SAPS subunits.
Consistent with mRNA expression by microarray, the highest amount of PP6 and SAPS subunits as determined by mass spectrometry appears in immune cells, lymphoid organs and bone marrow. PP6c and PP6R3 (SAPS3) protein levels are relatively abundant in bone, NK cells and cytotoxic T cells; PP6R1(SAPS1) -in bone, B cells and NK cells; and PP6R2(SAPS2) -in cytotoxic T cells, B cells and bone. In general, the mRNA distribution pattern provided by microarray and proteomics data from Proteomics DB corresponded well with each other [33] . Abundant expression of PP6 and SAPS subunits in immune cells heralds that its function is probably involved in signaling in these cell types. These results have directed us to study PP6 in lymphocytes.
PP6 opposes activation of nuclear factor kappaB at multiple steps
The signaling pathways that control nuclear factor kappaB (NF-κB) activation have become central to understanding the immune system, starting with discovery of NF-κB 30 years ago [34] . NF-κB is involved in hematopoiesis, thymocyte positive and negative selection, development and activation of innate immune cells, lymphoid organogenesis, TCR and BCR signaling, Ig class switching and cytokine production [35, 36] . Despite the predominant role of phosphorylation in activation of the NF-κB pathway, few reports have addressed the role of protein phosphatases. However, there is evidence that PP6 acts to oppose activation of the pathway.
Bouwmeester et al. [37] discovered PP6 in the TNF-α/NF-κB pathway by using tandem affinity purification in a proteomics analysis. Proteins known in the TNF-α/NF-κB pathway, including TNF receptors, TRAFs, a total of 10 kinases, such as MEKK1, MEKK3, NIK, TAK1, IKK, plus NF-κB and the IκB inhibitor subunits, were tagged and stably expressed in TNF-α-responsive HEK293 cells by retrovirus-mediated gene transfer. Proteins associated with tagged components were recovered and identified from peptides by liquid chromatography-tandem mass spectrometry (LC-MS/MS). Out of 680 non-redundant proteins identified, 180 were high-confidence interactors and 80 proteins had not previously been associated with the pathway. PP6c and its putative subunits (KIAA1115, KIAA0685 and KIAA0379, later renamed PPP6R1, PPP6R2 and ANKRD28, respectively) were recovered bound with tagged IκBε but not with tagged IκBα or IκBβ [37] . These results exposed PP6 as an integral component of the TNF-α/NF-κB pathway and support the concept that PP6 is specifically targeted to potential substrates by its regulatory SAPS subunits.
A subsequent study [18] confirmed association of PP6 with IκBε by co-immunoprecipitation with FLAG-tagged PP6R1 (SAPS1) or PP6R2 (SAPS2) ectopically expressed in Cos7 cells. Knockdown of PPP6R1 but not PPP6R3 (as a control) with single siRNAs in HeLa cells resulted in statistically significant reduced levels of IκBε at 30, 60 and 90 min after TNF-α stimulation [18] . The lower IκBε protein levels in the absence of PPP6R1 are attributed to IκBε being more highly phosphorylated and subjected to polyubiquitin-mediated degradation. This conclusion is based on previous reports demonstrating that TNF-α signaling promotes phosphorylation of IκBε and its dissociation from NF-κB, followed by degradation via the proteasome [38, 39] . The results implicate PPP6R1 (SAPS1) acting as a partner with PP6 to reduce the phosphorylation of IκBε and thereby limit the activation of NF-κB pathway in response to TNF-α (Figure 2) .
Activation of the NF-κB pathway is prolonged in keratinocytes derived from keratinocyte-specific Ppp6c conditional knockout mice [40] . The levels of phospho-p65/relA are elevated at 30 and 60 min in knockouts relative to floxed controls. Despite this activation there are no significant differences in protein levels of IκBε or IκBα between knockout and floxed keratinocytes up to 60 min following stimulation by TNF-α or IL-1β. The results suggest that PP6 somehow inhibits activation of the NF-κB pathway in keratinocytes without changes in phosphorylation of IκB. It is possible that keratinocytes have a relatively low level of PPP6R1 that is responsible for targeting IκB. Alternatively, there could be other PP6 substrates in the NF-κB pathway in mouse primary keratinocytes, such as phospho-p65/relA or upstream kinases that support phosphorylation of p65/relA [40] .
Other studies have provided evidence that PP6 is involved in negative control of other steps in the NF-κB signaling pathway. TGF-β-activated kinase 1 (TAK1) is a Ser/Thr kinase that undergoes autophosphorylation and activation leading to initiation of NF-κB signaling by phosphorylation of the IκB kinase (IKK) [41] . IL-1β activation of TAK1 involves phosphorylation of Thr187, which is greatly enhanced by treating cells with 100 nM OA. Mass spectrometry proteomics of FLAG-tagged TAK1 complexes revealed association with PP6. Indeed, FLAG-tagged TAK1 and HA-tagged PP6 were co-immunoprecipitated from HEK 293 cells and expression of HA-tagged PP6 reduced phosphorylation of Thr187 in endogenous TAK1 [42] . Knockdown of PP6c by siRNA enhanced IL-1 stimulated phosphorylation of Thr187 and TAK1 and this effect was not mimicked by knockdown of PP2Ac. Other evidence demonstrates that TAB2 protein (TAK1-binding protein 2) recruits PP6 to TAK1 and this involves interaction of PP6c and TAB2 with polyubiquitin chains [43] . Taken together, these results demonstrate specific association of TAK1 and TAB2 with PP6, which dephosphorylates and inactivates this kinase and thereby negatively regulates NF-κB signaling.
The human orthologue of yeast Tip41, also called TIP (type 2A phosphatase-interacting protein), binds human PP6c as well as PP2Ac and PP4c [44] . Overexpression of HA-TIP, T7-TAB1 and FLAG-TAK1 in HEK293T cells resulted in increase in phosphorylation of FLAG-TAK1 and endogenous IKK-β [41] . This could have been due to inhibition of protein phosphatases by the overexpressed HA-TIP; however, it appeared that TIP has unexpected non-canonical functions in this system. Purified GST-TIP directly associates with FLAG-TAK1 and increases its phosphorylation and kinase activity, hence TIP was called TAB4 (as another example of a TAK1-binding protein) [41] . TAB4 associates with the TAK1-TAB1 complex and significantly increases phosphorylation of TAK1 and TAB1 at multiple novel sites, resulting in enhanced activation of TAK1 (Figure 3) . The TAB4 kinase-activating function involves association with polyubiquitin chains that is dependent on a Phe-Pro motif at TIP/TAB4 residues 254-255. The ability to activate TAK1 seems to be a separate activity from the TAB4/TIP phosphatase-binding. These reports show that PP6 associates with different protein members of the NF-κB signaling pathway such as Iκ-Bε, TAB2 and TAK1. PP6 clearly is a factor limiting activation of NF-κB, probably through multiple mechanisms.
Effects of Ppp6c knockout and Ppp6r1 (SAPS1) knockout on T cells
Ongoing studies by our group and others have focused on actions of PP6 in T lymphocytes. Ppp6c homozygous null mutations are early embryonic lethal [45] , necessitating use of conditional knockout approaches to study the role of PP6 in vivo. Ye et al. [46] engineered mice that are homozygous for a LoxP-targeted allele on chromosome 2, which were crossed with Lck-Cre or CD4-Cre mice to drive selective deletion of the gene for [41] . Inhibitory activity of PP6 on NF-κB signaling can occur in at least two ways: (1) by dephosphorylation and inactivation of TAK1 or (2) by dephosphorylation of the IκBε inhibitory protein.
PP6 catalytic subunit (PP6c) at early or intermediate stages of thymocyte development, respectively. In an alternative approach, we have produced mice that are homozygous for a LoxP-targeted Ppp6r1 allele (encoding SAPS1) on chromosome 7, which were crossed with Sox2-Cre to delete the SAPS1 regulatory subunit in all adult tissues. The Ppp6r1 f/f Sox2-cre mice are viable, fecund and display no difference in longevity compared with Ppp6r1 +/+ mice (Brautigan et al., unpublished data). Immunophenotyping by flow cytometry revealed that loss of PP6c during thymocyte development in Pp6c f/f lck-cre mice significantly impaired the development of α/β-lineage thymocytes. The number of thymocytes in both the CD4 + CD8 + double-positive (DP) as well as CD4 + and CD8 + single-positive (SP) compartments were decreased by 50-60%. The authors noted that PP6c-deficient DP thymocytes were extremely sensitive to antibody cross-linking of the α/β-TCR and subsequently demonstrated that the decreased number of DP and SP thymocytes was due to enhanced sensitivity to negative selection. The number of CD4 − /CD8 − double-negative (DN) thymocytes in Pp6c f/f lck-cre mice was increased 2-fold. Interestingly, the increased number of DN cells was due to an increase in the number of γ/δ-lineage thymocytes. More detailed analysis revealed significantly increased use of γv1, γv5 and, particularly, γv6 variable region gene segments in PP6c-deficient γδ-thymocytes [46] . Subsequent experiments demonstrated that the increased number of γδ-thymocytes arose from ongoing expansion of fetal-derived γv6/δv1 producing thymocytes rather than increased production of γδ-thymocytes from bone marrow-derived hematopoietic stem cells. Aberrant thymocyte differentiation in Pp6c f/f lck-cre mice led to a dramatic 80-90% reduction in the number of splenic, lymph node and peripheral blood CD4 + and CD8 + T cells in Pp6c f/f lck-cre mice relative to controls. The small number of CD4 + and CD8 + T cells in the periphery of Pp6c f/f lck-cre mice made it very difficult to study mature CD4 + and CD8 + PP6-deficient T cells. To get around this problem, Ye and colleagues used Pp6c f/f CD4-cre mice [46] . These mice initiate deletion in the DP compartment and were found to contain a larger peripheral CD4 + and CD8 + splenic T cell compartment than Pp6c f/f lck-cre mice, although the number of CD4 + and CD8 + splenic T cells was still reduced by ∼70 and 60%, respectively. Most of the PP6-deficient CD4 + and CD8 + Figure 3 . TAB1, TAB2 and PP6c constitutively bind to TAK1 [18, 42, 43] .
TAB2 protein is essential for PP6c binding to TAK1 [43] . Upon TNF-α or IL-1 stimulation, TAB4 (a.k.a. TIP41) associates with inactive (unphosphorylated) form of TAK1. TAB4 binding enhances phosphorylation and activation of the TAK1-TAB1 complex [41] . PP6 inactivates TAK1 by dephosphorylation [42] .
T cells were found to have an activated phenotype. However, both CD4 + and CD8 + T cells had a faster turnover rate and were prone to apoptotic cell death. In addition to disrupted homeostasis of CD4 + and CD8 + T cells, there was a notable increase in the frequency and number of interferon-γ producing CD4
+ and CD8 + effector T cells in Pp6c f/f CD4-cre mice as well as a modest increase in the number of IL-4-producing CD4 T cells induced ex vivo by PMA/ionomycin [46] . Thus, loss of PP6c during thymocyte development results in significant defects in thymic output, seemingly as a result of increased negative selection, as well as hyperactivation, increased proliferation and apoptotic cell death in the splenic CD4 + and CD8 + T cell compartments. In addition, PP6c-deficient T cells appear more prone to differentiation and production of cytokines. Importantly, loss of PP6c in CD4 + and CD8 + T cells leads to increased activation of TCR signaling pathways including MAPK, NF-κB and Akt signaling pathways. The consequences of these fascinating phenotypes to immune function remain to be determined. It would be interesting to determine the phenotype of Pp6c f/f mice made PP6-deficient only in mature T cells.
As discussed above, PP6 associates with a set of regulatory subunits called SAPS [17] . To begin to understand how PP6 is tied to different functions in lymphocytes, we have characterized Ppp6r1 f/f Sox2-cre mice. These mice do not display defects in T or B cell development and have quantitatively normal T and B cell compartments in the periphery. Thus, SAPS1 does not appear to be involved in directing the activities of PP6 during lymphocyte differentiation nor in immune homeostasis, exposing a clear difference between knockout of PP6c vs. SAPS1. However, ex vivo PMA/ionomycin stimulation of splenocytes from SAPS1-deficient mice resulted in a greater proportion of IL-4-producing CD4 + T cells when compared with corresponding controls. This response was similar in lymphocytes with either PP6c or SAPS1 knockout [46 and unpublished data] . Furthermore, in vitro differentiation assays demonstrate that SAPS1-deficient CD4 T cells favor differentiation into IL-4-producing cells but not differentiation into interferon-γ-producing cells. Interestingly, SAPS1-deficient mice contain 100-to 1000-fold more serum IgE than Ppp6r1 f/f or C57BL/6 mice (unpublished data). These results suggest that some signaling events in T cells are specifically targeted by PP6/SAPS1 holoenzymes (i.e. IL-4 production by CD4 + T cells), while other processes are regulated by PP6 holoenzymes not dependent on SAPS1 (i.e. IFNγ production by CD4 and CD8 T cells). We have crossed the Ppp6r1 f/f mice to dLck-cre and CD19-cre mice to test for T and B cell-intrinsic aspects of this phenotype.
Phosphorylation of NF-κB signaling proteins is limited by PP6 in thymocytes stimulated by PMA/ionomycin. Phosphorylation of p65/RelA, IKKα/β and Iκ-Bε, but not Iκ-Bα, was enhanced in PP6c-deficient cells relative to floxed controls [46] . Reversed-phase protein array (RPPA) analysis of over 300 proteins and phospho-sites performed with cell extracts prepared from SAPS1-deficient mice revealed that phospho-p65/ RelA was the most up-regulated event in naïve splenic CD4+ T cells (unpublished data). However, the level of phospho-TAK1 paradoxically was reduced in PP6-deficient thymocytes, which suggests that increased activation of NF-κB signaling was not simply due to the hyperactivation of TAK1 but possibly involved alternative upstream pathways [46] . Taken together, the findings confirm that PP6 acts together with SAPS1 to limit NF-κB activation in thymocytes as well as splenic CD4+ T cells [46 and unpublished data] . In Table 1 , we present a phenotype comparison of Ppp6c knockout and Ppp6r1 (SAPS1) knockout mice models. As one approach to better understand PP6 and SAPS1 functions in T cells, we performed gene microarray analysis using naïve CD4+ T cells isolated from spleens of SAPS1 knockout mice and controls. Principal Component Analysis of gene expression changes clearly separated SAPS1 knockout and wild-type C57/B6. Out of more than 25 000 genes, only 242 were significantly up-regulated and 14 down-regulated (cutoff: logFC>|1|, P-value < 0.05). Gene enrichment analysis using the STRING tool [47] revealed that most up-regulated genes were involved in immune system processes, immune response and leukocyte functioning. We are using the changes in gene expression to formulate and answer questions about how deletion of SAPS1 affects T cell functions, as a way to address functions of PP6 in lymphocytes.
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